In a previous column study, we investigated the long-term impact of ethanol additions on U and Tc mobility in groundwater (M. M. Michalsen et al., Environ. Sci. Technol. 40:7048-7053, 2006). Ethanol additions stimulated iron-and sulfate-reducing conditions and significantly enhanced U and Tc removal from groundwater compared to an identical column that received no ethanol additions (control). Here we present the results of a combined signature lipid and nucleic acid-based microbial community characterization in sediments collected from along the ethanol-stimulated and control column flow paths. Phospholipid fatty acid analysis showed both an increase in microbial biomass (ϳ2 orders of magnitude) and decreased ratios of cyclopropane to monoenoic precursor fatty acids in the stimulated column compared to the control, which is consistent with electron donor limitation in the control. Spatial shifts in microbial community composition were identified by PCR-denaturing gradient gel electrophoresis analysis as well as by quantitative PCR, which showed that Geobacteraceae increased significantly near the stimulated-column outlet, where soluble electron acceptors were largely depleted. Clone libraries of 16S rRNA genes from selected flow path locations in the stimulated column showed that Proteobacteria were dominant near the inlet (46 to 52%), while members of candidate division OP11 were dominant near the outlet (67%). Redundancy analysis revealed a highly significant difference (P ‫؍‬ 0.0003) between microbial community compositions within stimulated and control sediments, with geochemical variables explaining 68% of the variance in community composition on the first two canonical axes.
In situ bioimmobilization has recently gained attention as a potentially effective remediation strategy for metal-or radionuclide-contaminated groundwater (4, 29, 39, 65) . During in situ bioimmobilization, electron donor additions are used to stimulate iron-and sulfate-reducing conditions, which promote the reductive precipitation of redox-sensitive metals and radionuclides from groundwater. Diverse or extreme geochemical conditions common to radionuclide-contaminated sites present unique challenges to successful implementation of bioimmobilization. One such site, located in Oak Ridge, TN, was established by the U.S. Department of Energy as a field research center (FRC). Groundwater at the FRC has a wide concentration range of U (up to 210 M), Tc (up to 24 nM), and nitrate (up to 168 mM), with pH varying from 3 to 7 (Environmental Remediation Sciences Program, Oak Ridge Field Research Center site descriptions [http://public.ornl.gov /nabirfrc/sitenarrative.cfm]).
Several batch studies have been conducted to characterize the subsurface microbial community at the FRC and to evaluate its bioimmobilization potential with varied electron donors, geochemical conditions, and microbiological methods. In one study, contaminated FRC sediments were incubated with ethanol-amended, pH 4 site groundwater (53) . Clone libraries of 16S rRNA genes indicated that Firmicutes were initially dominant but that Betaproteobacteria sequences were dominant after 78 days. Though 12 M U was removed from solution, 46 mM nitrate remained in solution and U removal was not attributed to reduction. Such shifts have also been observed in 16S rRNA gene clone libraries from iron-reducing enrichment cultures prepared using FRC site sediment with acetate, lactate, or glycerol as the electron donor (50) . Geobacter and Pelobacter were dominant in cultures prepared using uncontaminated, pH 6 sediment, while Anaeromyxobacter and Anaerovibrio were mostly dominant in cultures prepared using contaminated, pH 4 sediments. In a separate study conducted using FRC sediments that were not electron donor stimulated, composition of the metabolically active microbial community was shown to be different from that of the community overall (2) . For example, in pH 6 sediment, Alphaproteobacteria sequences comprised Ն59% of 16S rRNA gene clone libraries, whereas Gamma-and Betaproteobacteria together comprised Ն76% of the RNA-based 16S rRNA clone libraries.
Different shifts in geochemistry and microbial community composition have been observed when contaminated sediments are amended with an electron donor in flowing systems for longer time periods. For example, lactate-amended, artificial groundwater was continuously circulated through U-contaminated FRC sediment for over 16 months (69) . Effluent U concentrations decreased initially under iron-reducing conditions, which corresponded to an increase in Geobacteraceae-and Geothrix-related sequences in the column sediment. Effluent U concentrations subsequently increased under methanogenic conditions, and no decrease in Geobacteraceae-or Geothrix-related sequences was observed (8, 69 ). An in situ bioimmobilization study was conducted for a U-and sulfatecontaminated aquifer in Rifle, CO, by injecting acetate for ϳ3 months (4) . U concentrations initially decreased under iron-reducing conditions, which corresponded to increased Geobacteraceae-related sequences in groundwater. U concentrations subsequently increased under sulfate-reducing conditions, with a corresponding decrease in Geobacteraceae and an increase in sulfate-reducing-bacterium-related sequences in groundwater.
Laboratory and field studies have demonstrated the coupling between prevailing geochemistry and microbial community composition during bioimmobilization. However, spatial variability in microbial community composition and spatial correlations between community composition and geochemical conditions during long-term electron donor addition have not been described for FRC sediments. In a previous study, we continuously added ethanol to contaminated FRC site groundwater flowing through intermediate-scale, sediment-packed columns to model a potential field scale bioimmobilization strategy (42) . Sediment and pore water analyses demonstrated that added ethanol effectively stimulated U and Tc removal for long time periods compared to a control with no donor added. The objective of this study was to characterize the sediment microbial community along flow paths within the ethanol-stimulated and control columns and to determine if microbialcommunity composition and geochemistry were spatially correlated.
MATERIALS AND METHODS

Materials and apparatus.
Above-ground, intermediate-scale columns were deployed and operated in area 2 of the FRC in Oak Ridge, TN, to serve as models of in situ permeable reactive barriers for removal of U and Tc from FRC groundwater (42) . The columns were constructed from polyvinyl chloride pipe (6-in inside diameter by 8-ft length) and were packed with uncontaminated FRC site sediments. Contaminated FRC site groundwater (from well GW835) containing ϳ0.8 mM nitrate, 1 mM sulfate, 4 M U, and 580 pM Tc was continuously pumped through both columns to simulate groundwater flow. Ethanol was injected daily into the inlet and four locations along the length of one column (stimulated column); an identical column received no added ethanol (control). Pore water samples were routinely collected from eight sampling ports located along the length of each column, and changes in flow rates were monitored. Quantities of analytes removed during the experiment were quantified by integrating flow rates and differences in inlet and outlet concentrations. Sediment samples were collected for microbial community characterization from the sampling ports of the stimulated column after 13.5 months of operation and from the control after 9.5 months of operation. Detailed experimental procedures and geochemical results were summarized previously (42) .
Lipid analyses. Total lipids were extracted from the sediment samples using a modified Blyer and Dyer method (6, 72) . Silicic acid chromatography was used to separate the total lipids into polar, neutral, and glycolipid fractions (22) . The polar lipid fraction was subsequently transesterified using mild alkaline methanolysis to form fatty acid methyl esters (FAMEs) and convert plasmalogen ethers to dimethylacetals (DMAs) (22) , with modifications (38) . The neutral lipid fraction was analyzed for respiratory ubiquinone and menaquinone isoprenologues by high-performance liquid chromatography/atmospheric pressure photoionization tandem mass spectrometry (35) . The FAMEs and DMAs were analyzed using a gas chromatogram (Agilent 6890) with a 55-m nonpolar column (0.25-mm inside diameter, 0.25-m film) interfaced with a mass spectrometer (Agilent 5973). The conversion factor 2.5 ϫ 10 4 cells per pmol phospholipid fatty acid (PLFA) was used to convert total PLFA extracted to cells per gram sediment (5) . Individual PLFA analysis was limited to those with abundance greater than 0.5% in all stimulated and control samples.
Q-PCR analysis. DNA was extracted from sediment samples (ϳ0.5 g each) using the FastDNA spin kit for soil (BIO101) and eluted in 100 l 1/10 Tris-EDTA buffer. All quantitative PCR (Q-PCR) was performed by Microbial Insights Inc. (Rockford, TN). Each 30-l TaqMan-based PCR assay mixture contained DNA template, 1ϫ TaqMan universal PCR master mix (Applied Biosystems), TaqMan probe (100 to 500 nM), and forward and reverse primers (300 to 1,500 nM). TaqMan assays were performed on an ABI Prism 7300 sequence detection system (Applied Biosystems) with the following temperature program: 2 min at 50°C and 10 min at 95°C, followed by 50 cycles of 15 seconds at 95°C and 1 min at 58°C. The following groups of bacteria were targeted with the indicated TaqMan probe and forward/reverse primers, respectively: Eubacteria, TM1389, BACT1369/PROK1492R (57); Deltaproteobacteria, GBC2, 361F/ 685R (56); and Geobacteraceae, GBC2, 561F/825R (56) . Each 30 l SYBR green PCR assay mixture contained DNA template, 1ϫ clone Pfu buffer (Stratagene), 0.4 mM MgCl 2 , 0.2 mM of each deoxynucleoside triphosphate (Roche Applied Science), SYBR green (1:30,000 dilution; Molecular Probes), 1 U PfuTurbo HotStart DNA polymerase (Stratagene), dimethyl sulfoxide (0 to 0.5 l), and forward and reverse primers (500 to 2,500 nM). SYBR green assays were performed using an ABI Prism 7000 sequence detection system (Applied Biosystems) with temperature cycles varied based on primer set. SYBR green PCR was used to detect the following targets using the indicated forward/reverse primers: methanogens, ME1F/ME2R (24); type I and II methylotrophs, 9␣F/519R and 10␥F/519R, respectively (66) ; nirS gene, 1260F/1363R (21); and nirK gene, nirK876F/nirK1040R (27) . Calibrations were obtained using a serial dilution of positive control DNA. The Sequence Detector program subtracted the background signal for each sample during cycles 3 through 15. The fluorescence threshold was computed as 10 times the standard deviation of the background signal, and the original concentration of DNA in each sample was determined by comparing the threshold cycle sample values with the calibration data. Gene copy numbers were calculated assuming 9.13 ϫ 10 14 bp/g DNA. Statistical analysis. Redundancy analysis (RDA) is a linear, direct gradient ordination method by which response variables are constrained to be linear combinations of explanatory variables (62) . In RDA, an eigenanalysis is performed to extract canonical factors from a product matrix containing response and predictor variable correlation coefficients. Factors are constrained to maximize the redundancy index, which is defined as the product of the variance in the predictor variable explained by the predictor factor and the variance in the response variable explained by the predictor factor (12, 55, 67) . The sum of canonical eigenvalues in RDA equals the amount of variance in the response variable explained by the predictor variable. Our data set was well suited for RDA, with geochemical variables as predictor variables and community data as response variables, because the geochemical and community data varied over short distances in the columns and were reasonably represented by linear relationships (40) . The response variable matrix contained the following community data: Q-PCR copy numbers, PLFA groups, PLFA ratios, DMAs, respiratory quinone ratios, and Shannon-Weiner diversity indices, which were calculated using concentrations of individual PLFAs for all stimulated and control sediment sample locations. Q-PCR values, originally in units of copy numbers per gram of sediment, were log transformed prior to analysis. The predictor variable matrix contained the following geochemical data: average U, Tc, sulfate, and nitrate concentrations for all stimulated-and control column locations prior to sediment collection for microbial community characterization. All column data were normalized to unit variance and zero mean prior to analysis to eliminate differences in magnitude yet preserve data trends. RDA was performed using the software Canoco version 4.53 (62) . Monte Carlo permutations were performed (n ϭ 3,000) to obtain a P value for the RDA results. Individual PLFAs were also analyzed via two-way cluster analysis using the software PC-ORD (41) .
PCR-denaturing gradient gel electrophoresis (DGGE) analysis. Sedimentextracted DNA (stimulated column only) was PCR amplified using the 16S rRNA primer set 341F/519R with a 40-bp GC clamp on the forward primer (45) . PCR product (20 l product plus 5 l loading dye) was added to the polyacrylamide denaturant gel (30 to 65%, formamide-urea) using the D-Code 16/16-cm gel system (Bio-Rad, Hercules, CA). The gel was run at 55 mV for 16 h in 0.5ϫ Tris-acetate-EDTA buffer. Bands were subsequently excised and purified using the UltraClean PCR clean-up kit (MO BIO Laboratories Inc., Carlsbad, CA). Sequence analysis was performed as previously described (10) .
16S rRNA gene clone libraries. Clone libraries were constructed using sediment-extracted DNA from stimulated column ports 2 and 3 (near the column inlet) and port 8 (near the outlet) only. Sediment-extracted DNA was PCR amplified using primers uni8F/EUB805R, the product was purified using the Geneclean Turbo kit (BIO 101), and the purified product was cloned using the 5886 MICHALSEN ET AL. APPL. ENVIRON. MICROBIOL.
TOPO TA cloning kit for sequencing (Invitrogen, Carlsbad, CA). Plasmids from random clones were extracted, purified using the QIAprep spin miniprep kit (QIAGEN), and PCR amplified using plasmid-specific primers M13F (Ϫ20)/ M13R. PCR products were analyzed by restriction fragment length polymorphism using the MspI or AluI restriction enzyme (New England BioLabs). Digests were run on an agarose gel, and unique patterns representing different operational taxonomic units (OTUs) were selected for sequencing at the Oklahoma Medical Research Foundation. The resulting sequences were compared with known sequences using the Basic Local Alignment Search Tool (BLAST) and Ribosomal Database Project II. The criterion for classification of sequences into OTUs was Ն97% similarity. Chimeric sequences were identified manually and by using the Bellerophon server (http://foo.maths.uq.edu.au/ϳhuber /bellerophon.pl). Nonchimeric sequences were aligned using ClustalX (64) , and consensus phylogenetic trees were constructed using PAUP* (59), with the neighbor-joining tree algorithm, Jukes-Cantor correction, and 1,000 replicates for bootstrap values. Positions of the DGGE band sequences in the consensus phylogenetic trees were determined a priori in a separate alignment and analysis using all sequences. Nucleotide sequence accession numbers. Nonchimeric sequences have been submitted to GenBank and assigned accession numbers EF422252 to EF422266 and EF507963 to EF508031 for DGGE gel band sequences and clone sequences, respectively.
RESULTS
Prevailing geochemical and pore water conditions. Differences between the stimulated and control column pore water chemistry are summarized in Fig. 1 , which shows averaged pore water solute concentrations along the flow paths of both columns during the experiment until sediment samples were collected for microbial characterization. Nitrate, sulfate, U, and Tc concentrations initially decreased along the flow path in both columns during the first 2 weeks, and this trend continued in the stimulated column for the remainder of the experiment. Concentrations decreased to a lesser extent in the control, and within 3 months U and sulfate concentrations had stabilized along the control column flow path. During the 408 days of the experiment prior to sediment collection from the stimulated column, 1,450 liters of groundwater was passed through the column and 18 mol of ethanol, 0.78 mol Tc, 6.0 mmol U, 0.94 mol nitrate, and 1.2 mol sulfate were removed. During the 290 days prior to sediment collection from the control column, 694 liters of groundwater was passed through the column and 0.16 mol Tc, 0.83 mmol U, and 0.45 mol nitrate were removed. No sulfate was removed in the control column. Based on the routinely measured analytes shown in Fig. 1 , no sulfate reduction occurred and nitrate was only partially removed in the control, whereas sulfate reduction occurred and nitrate was completely removed in the stimulated column. While sulfate reduction was routinely observed in the stimulated column, other biogeochemical processes likely occurred as well. Although Fe(II) was not measured during the experiment, Mössbauer spectra collected from three stimulated sediment samples and the pristine sediment mixture used to pack the columns indicated that Fe(III) reduction occurred in the stimulated column. Methane (ϳ1 mM), acetate (ϳ2.8 mM), and propionate (ϳ1.6 mM) were also detected in the stimulated column pore water during a single sampling event, indicating that methanogenesis and fermentation also occurred.
PLFA results. PLFA biomass was 2 orders of magnitude greater in the stimulated column than in the control, confirming that ethanol additions promoted microbial growth; differences in percentages of total PLFA within PLFA groups were also observed ( Table 1 ). The percentage of terminally branched saturates, which are general indicators of gram-positive or anaerobic gram-negative bacteria (30, 48) , and branched monounsaturates, which are general indicators of gram-negative sulfate-reducing bacteria (7, 16) , were greater on average in the stimulated column than in the control. Percentages of both terminally branched saturates and branched monounsaturates followed a linearly decreasing trend along the control flow path (r 2 ϭ 0.81 and 0.61, respectively). Percentages of midchain-branched saturates and polyunsaturates, indicators of sulfate-reducing bacteria (14, 15) and eukaryotes (18) , respectively, were smaller on average in the stimulated column than in the control. Both midchain-branched saturates and polyunsaturates followed a linearly increasing trend along the stimulated column flow path (r 2 ϭ 0.76 and 0.92, respectively). The percentage of normal saturates, which are common to a wide range of microorganisms (51) , was smaller on average in the stimulated column than in the control. The percentages of monounsaturates, indicators of facultative and anaerobic bacteria (49, 73) , were not significantly different between columns (P ϭ 0.07), although an increasing trend was observed along the stimulated column flow path (r 2 ϭ 0.80). Hydroxy fatty acids, which are common though not exclusive to gramnegative bacteria (3, 16) , comprised a small percentage of total PLFA and were also not significantly changed in the stimulated column compared to the control (P ϭ 0.4). The ShannonWeiner diversity index for the stimulated column was not different on average from that for the control, although a linearly increasing trend was observed along the stimulated column flow path (r 2 ϭ 0.90). Two-way cluster analysis of individual PLFAs revealed three visually dominant differences between stimulated and control column samples, corresponding primarily to increased PLFAs within the terminally branched saturate and monounsaturate groups and decreased PLFAs within the midchain-branched saturate groups (see Fig. S1 in the supplemental material).
FIG. 1. Average concentration profiles for the ethanol-stimulated (solid symbols, 13.5 months, n ϭ 82) and control columns (open symbols, 9.5 months, n ϭ 10) for the entire experiment. Inlet concentrations correspond to time zero, and error bars represent 1 standard deviation. Due to differences in pumping rates, pore water velocities were smaller and computed travel times were larger in the stimulated column than in the control; travel times ranged from 0 (inlet) to 105 h in the stimulated column and from 0 (inlet) to 55 h in the control.
VOL. 73, 2007 MICROBIAL COMMUNITY IN U-AND Tc-CONTAMINATED SYSTEM 5887 Elevated ratios of both cyclopropyl fatty acids to their monoenoic precursors and ratios of monounsaturated trans to cis isomers have been linked with starvation, stationaryphase growth, and nutrient deprivation (22, 23, 31, 63) . The ratio of cyclopropyl fatty acids to their monoenoic precursors was greater on average in the control than in the stimulated column, suggesting that microbial growth in the control was substrate limited. The ratio of cyclopropyl fatty acids to monoenoic precursors also increased linearly along the stimulated column flow path (r 2 ϭ 0.81). The ratio of monounsaturated trans to cis isomers was not significantly changed in the stimulated column compared to the control (P ϭ 0.08) but was observed to increase linearly along the stimulated column flow path (r 2 ϭ 0.81). Elevated ratios of iso-to anteiso-saturated fatty acids have been linked with bacterial membrane fluidity changes in response to environmental stress, particularly temperature (30, 52, 70) . Though both models were maintained at the same temperature dur- ing the experiment (ϳ21°C), the ratio of iso-to anteisosaturated fatty acids was decreased in the stimulated column compared to the control, suggesting a change in bacterial community. DMAs, indicators of clostridia and some gramnegative bacteria (43, 44) , were greater on average in the stimulated column and followed a linearly increasing trend along the stimulated column flow path (r 2 ϭ 0.63). Respiratory ubiquinones are associated with high-energy electron acceptors such as oxygen and nitrate, while menaquinones are associated with anaerobic respiration (26); thus, elevated ratios of ubiquinones to menaquinones (UQ/MQ) indicate aerobic respiration. The UQ/MQ ratio was not significantly changed in the stimulated model compared to the control, but a linearly decreasing trend along the control flow path was observed (r 2 ϭ 0.94). The UQ/MQ ratio was elevated near the control inlet (3.5), then decreased linearly to 0.4 near the control outlet, suggesting the presence of more aerobes and denitrifiers near the inlet. The UQ/MQ ratios for the stimulated column were lower in ports near the inlet (2.5) but increased in ports near the outlet (ϳ4). Nitrate reduction was an important process in the stimulated column, particularly in ports near the inlet, as nitrate was typically completely removed by port 2. Sulfate reduction was consistently observed in the stimulated column, and (71) . Q-PCR results. Eubacterial 16S rRNA gene copy numbers were greater in the stimulated column than in the control, further substantiating that ethanol additions promoted microbial growth (Table 1) . Eubacterial 16S rRNA gene copy numbers were also observed to decrease linearly with distance along the control column flow path (r 2 ϭ 0.66). Copy numbers of the dissimilatory nitrite reductase genes, nirS and nirK, were greater in the stimulated column than in the control and increased linearly along the stimulated column flow path (r 2 ϭ 0.70 and 0.84, respectively). Shifts were also detected in several general groups of Bacteria and Archaea. For example, Deltaproteobacteria were more abundant in the stimulated column than in the control and also increased linearly along the stimulated column flow path (r 2 ϭ 0.54). Geobacteraceae were also more abundant on average in the stimulated column, and a marked increase was observed near the stimulated column outlet, where soluble electron acceptors were largely depleted. Although elevated methane concentrations were previously detected in stimulated column pore water (42), Methanogens were not detected using our methods in stimulated column sediments. Methanogens were increased in the control column compared to the stimulated column, though not significantly (P ϭ 0.07). Methylotrophs also not differ significantly between the stimulated and control sediments.
RDA results. RDA results were summarized in a joint plot containing geochemistry-derived sample scores (points), PLFA, Q-PCR, and geochemical variable scores (Fig. 2) . A brief guide to joint plot interpretation follows (see references 60 and 61 for more detailed information). Arrow length represents the magnitude of the correlation coefficient with the geochemistry-derived canonical axes. Arrows pointing in the same direction indicate strong positive correlations, perpendicular arrows indicate no correlation, and arrows pointing in opposite directions indicate strong negative correlations. Distance between sample points is proportional to the magnitude of the difference in community composition within samples. Nearly 52% of community data variance was explained by the first geochemistry-derived canonical axis (P ϭ 0.0003), reflected graphically in a clear separation of stimulated and control sample scores on the first axis. PLFA biomass, Q-PCR eubacterial biomass, and DMA scores were elevated in stimulated-column samples and negatively correlated with geochemical variables, whereas biomarker stress ratios (iso-to anteiso-saturated fatty acids and cyclopropane to monoenoic precursor fatty acids), normal saturates, polyunsaturates, midchain-branched saturates, and methanogen scores were elevated in control sediment samples and positively correlated with geochemical variables. Branched monounsaturates, terminally branched saturates, Geobacteraceae, Deltaproteobacteria, UQ/MQ ratios, and nirK scores were also elevated in stimulated-sediment samples and negatively correlated with geochemical variables. Both monounsaturates and pore water concentrations were greatest in ethanol-stimulated sediment from port 1 (EtOH 1) relative to those in subsequent ports, the combined effect being that monounsaturates were less negatively correlated with geochemical variables. Community composition shifts along the stimulated column flow path were confirmed by the separation of stimulated samples on the second canonical axis. Stimulated samples near the inlet (ports 1 to 3) showed positive loadings, while subsequent stimulated samples showed negative loadings, with the exception of those from port 7. PLFA biomass was elevated in port 7 sediment, which resulted in a slightly positive loading on the second axis. The Shannon-Weiner diversity indices and methylotroph scores for stimulated and control samples were similar and were uncorrelated with geochemical variables.
Community composition of stimulated-column sediment. Port 1 had the highest number of visually dominant DGGE bands, while the adjacent port 2 contained only one visually dominant band (see Fig. S2 in the supplemental material). Selected band sequences from stimulated sediments were most similar to the candidate division OP11 (port 1-K), Epsilonproteobacteria (port 1-L, port 2-P), Bacteroidetes (port 1-M, port 3-Q), Geobacteraceae (port 1-N, port 5-U), Chlorobi (port 3-R, port 5-W), and Chloroflexi (port 4-S) (Fig. 3 and 4) . Multiple sequences from ports near the column outlet were similar to those of Firmicutes (port 5-V, port 7-1, port 8-3) and candidate division OP11 (port 6-X, port 7-Z).
Most clones detected in port 2 and 3 sediment 16S rRNA gene libraries (46 to 52%) belonged to the phylum Proteobacteria (Table 2 ). In port 2 sediments, 41% of sequences detected belonged to Gammaproteobacteria; other sequences detected belonged to Spirochaetes (12%), Bacteroidetes (10%), Firmicutes (8%), Chloroflexi (4%), Acidobacteria (2%), other Proteobacteria (10%), and the candidate division OP11 (4%). Sequences belonging to these phyla were also detected the port 3 library, with the exception of candidate division OP11. In contrast to ports 2 and 3, where Proteobacteria sequences dominated, 67% of clones in port 8 belonged to candidate division OP11; other sequences detected belonged to Delta-and Epsilonproteobacteria (11%), Chloroflexi (7%), Firmicutes (5%), Spirochaetes (4%), and Bacteroidetes (2%). Deltaproteobacteria clone sequences grouped into five families, including Geobacteraceae, Syntrophaceae, Desulfobulbaceae, Desulfobacteraceae, and Desulfovibrionaceae (Fig. 3) . Geobacteraceae is a well known family of iron-and U-reducing bacteria and may be important to successful implementation of in situ bioimmobilization (4) . DGGE band sequences (port 1-N, port 5-U) and clone sequences from this study shared close homology with a Geobacteraceae clone detected in electron donor-stimulated FRC sediment (50) . Although Desulfobacterium autotrophicum was shown not to enzymatically reduce U(VI) (34) , Desulfobacteraceae sequences are commonly detected in electron donor-stimulated, uranium-contaminated sediments (4, 9) . A single clone (271) shared close homology with a Desulfobacteraceae clone detected in other U-reducing sediment (58) . Within the Epsilonproteobacteria, DGGE band sequences (port 1-L, port 2-P) and clone sequences from this study shared close homology with clones detected in other sulfidic environments (36) . Betaproteobacteria clone sequences were similar to those of clones detected in other denitrifying (33) and metal-contaminated environments as well (clone BANW6604, unpublished). The majority of port 8 clone sequences shared close homology with clones detected in sulfurrich environments within the candidate division OP11 (Fig. 4) . Also within the candidate division OP11, DGGE band sequences (port 6-X, port 7-Z) shared close homology with clones detected in hydrocarbon-degrading environments (13, 19) and DGGE band sequence from port 1-K was most similar (90%) to a deepsea sediment clone (32) . Within the phylum Firmicutes, DGGE band sequences (port 7-1, port 8-3, port 5-V) and clone sequences were similar to clones detected in hydrocarbon-and chlorinatedsolvent-contaminated environments (13) and also grouped with a low-GϩC, gram-positive clone detected in electron donor-stimulated FRC sediment (50) . Within the phylum Verrucomicrobia, clone sequences shared close homology with a clone detected in unstimulated FRC sediment (8) . Bacteroidetes clone sequences grouped with clones detected in anaerobic environments (e.g., peat bogs and rice paddies), while DGGE band sequences (port 3-Q, port 1-M) shared close homology with a freshwater bacterial consortium clone (17) . Within the phylum Chlorobi, DGGE band sequences (port 3-R, port 5-W) and clone sequences from this study were similar to clones detected in denitrifying (33) and dechlorinating (74) environments. Within the phylum Chloroflexi, DGGE band sequence port 4-S shared close homology with a clone detected in a hydrocarbon-and chlorinated-solvent-contaminated environment (13) .
DISCUSSION
While in situ field studies are critically important in understanding bioimmobilization processes, extensive sampling during such studies is often difficult due to site inaccessibility or labor-and cost-intensive sediment core collection. In this study, we used flowing site groundwater and site sediments to simulate the operation of an in situ biobarrier above ground for over 13 months. The experimental design allowed for continuous monitoring of pore water geochemistry and collection of sediment samples at relatively small spatial scales (ϳ25 cm) along geochemical gradients and column flow paths. RDA provided a direct, quantitative test of our hypothesis that microbial community composition was correlated with pore water geochemistry. The model results showed that geochemical variables were good predictors of microbial community composition, as measured by PLFA and Q-PCR analyses, with 68% of the community variance explained on the first two canonical axes. The strong negative correlation of stimulated and control column sample scores on the first axis and the significance of the model results (P ϭ 0.0003) clearly indicate that added ethanol effectively stimulated a distinct microbial community that promoted and sustained removal of U and Tc from site groundwater.
Levels of nitrate and metal contamination are important determining factors in microbial community composition both before (2, 20) and following biostimulation of FRC sediments (46, 53, 54a) . In other FRC studies, microbial communities in contaminated site sediments were characterized following in situ biostimulation with pH-neutralized site groundwater containing extreme nitrate and ethanol concentrations (ϳ125 mM nitrate and 350 mM ethanol) (47, 54a). Spain et al. observed that under denitrifying conditions Betaproteobacteria sequences were dominant (50 to 79%) in clone libraries, and members of the genus Castellaniella were identified as important denitrifiers (54a). In this study, nitrate levels were much lower (0.8 mM), and although denitrification occurred in port 2 and 3 sediments in this study, only 2% of sequences detected belonged to Betaproteobacteria and no Castellaniella sequences were detected. In contrast, several nitrate-reducing clones within the Alpha-and Betaproteobacteria detected in this study were related to iron-reducing bacteria capable of using nitrate as an electron acceptor for growth: Magnetospirillum gryphiswaldense (37, 54) and Ferribacterium limneticum (11) . In a separate FRC study, North et al. observed that under ironreducing conditions Geobacteraceae and Anaeromyxobacter sequences were equally dominant and together comprised 37% of sequences detected in clone libraries (46) . In this study, Geobacteraceae sequences were detected in significant proportions in port 2 and 3 sediments but no Anaeromyxobacter sequences were detected.
An additional and notable difference between this study and other FRC studies is the apparent importance of the candidate division OP11, which comprised 67% of sequences in the port 8 sediment clone library. DGGE band sequences (port 6-X, port 7-Z) in ports 6 and 7 were also most similar to candidate division OP11, and a similar band was present in port 8 but absent in all other ports, confirming the significance of OP11 in sediment near the column outlet. Although little is known about the physiology of this group, its members are often detected in anaerobic environments linked with sulfur cycling, hydrocarbon contamination, and methanogenesis (25, 28) . Many OP11 sequences detected in this study were similar to other OP11 sequences detected in dechlorinating and sulfate- VOL. 73, 2007 MICROBIAL COMMUNITY IN U-AND Tc-CONTAMINATED SYSTEM 5893 rich environments, suggesting that OP11 may play an important role in sulfur or other anaerobic cycles in reducing FRC sediments. A recent environmental genome sequencing study of unstimulated FRC area 2 sediment also showed a relatively high number of sequences related to the candidate division OP11 (1). Other long-term bioimmobilization studies of flowing systems have shown that microbial communities and geochemistry may shift in such a way as to not favor bioimmobilization. Microbial community changes were observed in groundwater in a single acetate-stimulated monitoring well during an in situ U bioimmobilization study (4) . Clone libraries of 16S rRNA genes showed that under iron-and U-reducing conditions Geobacteraceae sequences were dominant, but after 80 days and under sulfate-reducing conditions, U was remobilized and sulfate-reducing bacterium sequences were dominant. Eight months later, acetate injection resumed, and microbial community changes were monitored in both groundwater and sediment after another 40 days (68) . As before, Geobacteraceae sequences were dominant in groundwater where the greatest U and iron reduction occurred. In a separate laboratory study, artificial lactate-amended groundwater was continuously pumped through U-contaminated FRC sediments (69) . U concentrations initially decreased under iron-reducing conditions but subsequently increased under methanogenic conditions. Q-PCR showed that Geothrix and Geobacteraceae sequences increased during U reduction and did not decrease during U remobilization, which occurred under methanogenic conditions (8, 69) .
In this study we characterized the microbial community after 13 months of U and Tc removal, although the system continued to sustain contaminant removal for a total of 20 months (42) . Geobacteraceae sequences were detected in significant proportions near the inlet where U and Tc reduction occurred, as were sequences within the sulfate-reducing families Desulfovibrionaceae and Desulfobulbaceae. Two important differences between our study and the two aforementioned studies are (i) uncontaminated sediment containing no sorbed U(VI) was used in this study and (ii) we observed no increase in U concentrations under sulfate-reducing conditions, although methanogenesis, fermentation, and iron reduction were also confirmed in single samples (42) . Observed U concentration changes in flowing, electron donor-stimulated systems result from a combination of abiotic (i.e., desorption, abiotic reduction, or oxidation) and microbially catalyzed reactions, which occur at different rates. Under iron-reducing conditions, the rate of microbially catalyzed U(VI) reduction may exceed that of U(VI) desorption from contaminated sediments, but under sulfate-reducing or methanogenic conditions, the rate of U(VI) desorption from contaminated sediments may exceed the combined rate of abiotic and microbially catalyzed U(VI) reduction (47) . We speculate, therefore, that U remobilization would likely have been observed if sediment containing significant sorbed U(VI) had been used in this study. Rates of U(VI) desorption should be considered and accounted for when designing in situ bioimmobilization treatments in contaminated formations without the use of constructed, uncontaminated fill material.
